Introduction
, Ga 3+ etc). [1] The positively charged layers, containing divalent and trivalent cations in octahedral positions, are separated by charge balancing anions and water molecules. The water molecules are connected to both the metal hydroxide layers and the interlayer anions through extensive hydrogen bonding. A range of organic or inorganic guests may be incorporated into LDHs by either ion exchange, direct synthesis or hydrothermal reconstruction of calcined precursors. [2, 3] In particular, intercalation chemistry has been explored with the aim of introducing catalytically active sites and photo-and electroactive species. Many different types of metal coordination compounds and oxometalates have been immobilized in LDHs, including phthalocyanines, cyanocomplexes, oxalate complexes and polyoxometalates (POMs). [4] The first report of LDHs containing polyoxometalates concerned their use as exhaust gas and hydrocarbon conversion catalysts. [5] Since then, a variety of iso-and heteropolyanions with different nuclearities and structures (Keggin, Dawson, Preyssler, Finke) have been incorporated into the interlayer space of these materials. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Two factors assume considerable importance for the successful intercalation of polyoxometalates into an LDH compound. First, the heteropoly species should carry sufficient charge in order to be [ spatially capable of compensating the host layer charge. Ideally, the charge should be higher than that necessary in order to increase the lateral separation of the anions in the interlayer and afford a material with microporosity. The second consideration is that the intercalated anion should be resistant to hydrolytic decomposition over the pH domain of stability of the LDH.
In recent years, heteropolyoxometalates incorporating lanthanide ions have excited interest because of their luminescence properties and potential use in lasers and luminescent materials. [19] [20] [21] [22] [23] As a result, the preparation of hybrid materials containing these species is now being investigated. [24] [25] [26] [27] [28] [29] [30] [31] [32] Francesconi and co-workers recently described Mg-Al LDHs intercalated by luminescent polyoxometalate anions with Dawson-like [Eu(H 2 O) 3 4-structures. [32] In the present work, new polyoxotungstoeuropate anion-pillared layered double hydroxides were prepared by anion exchange reactions of a Zn-Al LDH precursor in nitrate form. Reaction of the wet precursor with the species [EuW 10 27 Al, 31 P), infrared and Raman spectroscopy. The luminescence properties of the pillared LDHs were investigated in detail and are compared with those of the precursor polyoxotungstoeuropate anions.
Results and Discussion

Synthesis of Polyoxotungstate Anion-Pillared Layered Double Hydroxides
The layered double hydroxide starting material, denoted as ZnAl[NO 3 -], was prepared using a standard coprecipi- Powder X-ray Diffraction Figure 1 shows the powder XRD patterns obtained for the ZnAl[NO 3 -] starting material and the pillared derivatives. Successful ion exchange of nitrate ions for POMs was revealed by the absence of reflections due to the starting material and the appearance of several new equally spaced (00l) harmonics with the (003) reflection having shifted to lower 2θ values. As is often observed for LDH-POM intercalates, [17] the first-order peaks for the pillared phases have very low intensity. This may be related to the high Xray scattering power of the interlayer, out of phase with the brucite-like layer. [33] The positions of the (003) . The patterns also contain large and asymmetric (hkl) reflections in the 33-50°(2θ) range. This is characteristic of some disorder in the periodicity of the layers, such as a turbostratic effect or an intergrowth of the rhombohedral and hexagonal polytypes. [34] 11-afforded pillared derivatives with a gallery height of about 10 Å. This layer separation is typical of LDHs pillared by Keggin-type or related structures and is consistent with a guest orientation in which the C 2 axis of the oxygen framework is perpendicular to the brucite-like layers. [8, 11, 12, 18] The positions and relative intensities of the (00l) 2-anions. [36] All of the diffraction patterns for the exchanged products contain a broad and asymmetric peak at 2θ = 5-11°. This is a common feature for LDH-POM composites and is often attributed to a quasi-crystalline M 2+ /M 3+ salt of the POM formed in low quantities, [11] although alternative origins have also been claimed. [37] 
Infrared and Raman Spectroscopy
The infrared and Raman spectra of the polyoxotungstoeuropate anion-pillared layered double hydroxides showed that the exchange of nitrate anions for polyoxotungstate anions was almost complete (by the absence in the infrared spectra of the nitrate ν 3 absorption band at 1384 cm -1 , or in one case just a very weak IR band present) and also that there was no carbonate present in these materials (by the absence in the infrared spectra of the carbonate ν 3 absorption band at 1370 cm -1 ). The intercalation of polyoxoanions into the layered double hydroxide was clearly shown by the presence in the infrared and Raman spectra of several bands in the range 700-1200 cm -1 , on top of the lattice vibrations of the host ( Figure 2 , Table 3 ), assigned to X-O stretch (X = B or P), the terminal W=O stretch (918-989 cm -1 ), and the W-O-W corner or edge-shared stretching modes (700-900 cm -1 ). [38, 39] 3 ], gives rise to a much broader peak (fwhm 440 Hz) at 0.1 ppm (Figure 3) . [31] As described in ref. [31] , the broadening of the resonance as compared with the monovacant Keggin polyoxotungstoborate is due to insertion of the europium ion into the polyoxoanion. Hence, the observation of the broad resonance at δ = -6.8 ppm in the 11 B MAS NMR spectrum of the pillared LDH ZnAl[Eu(BW 11 O 39 )(H 2 O) n 6-] suggests that the coordination of the europium ions to the polyoxotungstoborate was maintained after intercalation into the LDH host. Taking into account the results from powder XRD, elemental analysis (which gave the W/Eu molar ratio as 11.1), vibrational spectroscopy and photoluminescence studies (see below), we propose that the resonance at δ = -6.8 ppm is due to intercalated monomeric 1:1 [Eu-(BW 11 [41] The difference in the chemical shifts for the pillared LDH (δ = -6.8 ppm) and the potassium salt (δ = 0.1 ppm) may therefore be attributed to the dissociation of the polymer into the monomeric building blocks, and the intercalation of these species into the host LDH. In support of this, it has previously been shown that polymeric lanthanopolyoxotungstosilicates dissociate in aqueous solution. [42] As mentioned above, the peak at δ = -6.8 ppm in the 11 6-(related with the broad peak at 2θ = 5-11°in the powder XRD pattern). 2 ] presents a peak centred at 0.3 ppm with a high frequency shoulder at δ = -1.5 ppm (not shown). The presence of two peaks is probably due to slight asymmetry in the structure with respect to the two {PW 11 O 39 } moieties. [43] An aqueous solution of this potassium salt exhibits one resonance at δ = -0.3 ppm, suggesting that the 1:2 structure is stable in solution and that the two phosphorus atoms are equivalent. [43] A complicated 31 P MAS NMR spectrum was obtained for the pillared LDH ZnAl[Eu(PW 11 O 39 ) 2 11-], comprising several overlapping peaks between ca. 5 and -12 ppm (Figure 4 ). Spectral deconvolution gave four main components at -12.2, -10.1, -2.5 and 2.1 ppm in 1.0:1.0:5.3:1.9 intensity ratios. A much weaker peak was also found at δ = -7.7 ppm with a relative integration of 0.2. The major signal at δ = -2.5 ppm is assigned to intercalated [Eu(PW 11 4-anions. [43] If we exclude the weak resonance at δ = -7.7 ppm (which, at present, we are unable to assign) and assume that there are no other tungsten or europium-containing species present, the peak area integrated intensities allow a value of 22.3 to be estimated for the overall W/Eu molar ratio. This is in reasonable agreement with the value of 25 found by elemental analysis.
All compounds were also characterized by 27 Al MAS NMR spectroscopy. The spectra for the precursor ZnAl[NO 3 -] and ZnAl[POM] samples present a sharp reso- nance centred at 14.5-15.6 ppm that indicates the presence of octahedral aluminium only. [44] Photoluminescence Figure 5 shows the room-temperature photoluminescence excitation (PLE) spectra of the europium-containing polyoxotungstate materials monitored within the 5 D 0 Ǟ 7 F 2 lines. The spectra are mainly composed of a series of straight lines ascribed to intra-4f 6 transitions. Only the spectrum of Na 9 [EuW 10 O 36 ] presents a large broad band in the UV spectral region with two main peaks around 270 and 320 nm. The origin of the PLE components may be related to ligand-to-europium charge-transfer (LMCT) transitions resulting from the interaction between the europium ion and the POM, in particular LMCT states associated with O Ǟ Eu and O ǞW transitions as already reported for other polyoxometalates containing Eu 3+ ions. [31, 45, 46] than by an efficient sensitized process involving the lanthanide ion ligands. The changes induced in the Eu 3+ local structures due to intercalation of the polyoxotungstate anions in the LDH host were further investigated by comparison of the respective emission (PL) spectra. The spectra shown in Figure 6 were obtained for different excitation wavelengths, selected according to the excitation spectra in Figure 5 , namely direct excitation into the Eu 3+ intra-4f 6 levels ( 5 L 6 , 395 nm), and within the UV band, at 320 nm for K 11 In order to further investigate the number of distinct Eu 3+ local coordination sites in each material the PL and the lifetimes of the 5 D 0 excited state were acquired at lowtemperature for the same excitation wavelengths used to record the room-temperature emission. The number of Eu 3+ local coordination sites can be inferred through the analysis of the energy and fwhm of the 5 D 0 Ǟ 7 F 0 transition, estimated by deconvoluting the spectrum assuming a Gaussian function. The analysis of the energy and fwhm of the 5 D 0 Ǟ 7 F 0 transition is quite important, since this transition occurs between nondegenerated levels and its energy is usually correlated with the sum of the nephelauxetic effects arising from the Eu 3+ first neighbours. [47] The existence of more than one line or the variation of its energy and fwhm upon variation of the excitation wavelength suggest the presence of more than one Eu 3+ local coordination site. Figure 7 shows the low temperature PL spectra for the three LDH-POM samples.
For ZnAl[Eu(BW 11 O 39 )(H 2 O) n 6-] the data collected at low temperature support the conclusion drawn from the room temperature PL spectra, i.e. that the europium ions occupy the same average local coordination site, since the spectra obtained under different excitation wavelengths are essentially the same. Moreover, the energy and fwhm of the 5 D 0 Ǟ 7 F 0 transition is independent of the selected excitation wavelength (Table 5 ). The nature of this local environment must involve a low site symmetry group without (1), (2), (3), (4) and (5) 9-] induces a reduction of the fwhm and a blue-shift of the 5 D 0 Ǟ 7 F 0 transition, suggesting the presence of more than one type of first coordination sphere for the europium ions. Moreover, changes are also observed in the energy and relative intensity of components for the remaining transitions. The presence of at least two distinct local coordination sites for the Eu 3+ cations is also apparent for ZnAl[Eu(PW 11 anions. The 5 D 0 lifetime was measured at low temperature using two different excitation wavelengths (292 and 395 nm) and a monitoring wavelength around the more intense line of the 5 D 0 Ǟ 7 F 2 transition (not shown). Regardless of the selected excitation wavelength, the experimental data for (1) ( 1) where k r and k nr are the radiative and the nonradiative transition probabilities, respectively.
The emission intensity, I, taken as the integrated intensity S of the emission curves, for the 5 D 0 Ǟ 7 F 0-4 transitions, is expressed by Equation (2) (2) where i and j represent the initial ( 5 D 0 ) and final ( 7 F 0-4 ) levels, respectively, Rw iǞj is the transition energy, A iǞj corresponds to Einstein's coefficient of spontaneous emission and N i is the population of the 5 3 ] is lower than those for the other two polyoxotungstoeuropate salts, essentially due to a higher nonradiative transition probability, that may be due to a higher number of coordinated water molecules (Table 6 ). Although the radiative transition probability for the LDH intercalate ZnAl[Eu(BW 11 O 39 )(H 2 O) 3 6-] is higher, there is also an increase in the nonradiative transition probability, contributing to a slight decrease of the overall 5 D 0 quantum efficiency. O 39 ] 7-anions. All three of these species could conceivably give rise to pillared LDHs with gallery heights around 10 Å. Deconvolution of the 31 P MAS NMR spectrum showed that the 2:1 Eu-containing anion was the major species present. These results show that, regardless of the initial polyoxometalate species in solution, the nature of the final intercalated species can be different, presumably due to the strong host-guest interaction(s). This was especially evident for the anion [EuW 10 O 36 ] 9-, which gave rise to a material containing intercalated anions with a quite different and, as yet, unknown structure. The observed basal spacing was only compatible with the presence of anions smaller than the decatungstometalate species, and the photoluminescence studies reveal the presence of more than one first coordination sphere for the lanthanide ions.
Conclusions
Experimental Section
Reagents and Materials: Commercial materials were of reagent grade or better and used without further purification. Literature methods were used to prepare sodium or potassium salts of the polyoxotungstoeuropate anions [EuW 10 O 36 ] 9-, [49] [Eu-(BW 11 O 39 )(H 2 O) 3 ] 6-, [31] and [Eu(PW 11 O 39 ) 2 ] 11-. [50] The Zn-Al LDH starting material, ZnAl[NO 3 -], was prepared as described previously. [12] Synthesis of Polyoxotungstoeuropate Anion-Pillared Layered Double Hydroxides: Anion-exchange reactions with a series of europiumcontaining polyoxotungstate anions were carried out on an aqueous slurry of ZnAl[NO 3 -], using the method described by Evans et al. (Table 1) . [12] A typical reaction scale was 12.5 cm 3 and involved dropwise addition of an aqueous solution of the polyoxometalate (up to 100 % in excess over that theoretically required for complete exchange) to the ZnAl[NO 3 -] slurry. The mixtures were then stirred for 3 to 5 h in the temperature range of 60-70°C ( 
Instrumentation:
The Zn, Al, Eu, W and P contents were measured by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES, Analytical Laboratories, University of Aveiro). FT-IR spectra were collected from KBr pellets (Aldrich, 99 %+, FT-IR grade) with a Mattson 7000 FT-IR spectrometer. FT-Raman spectra were recorded with a Bruker RFS100/S FT-Raman spectrometer (Nd:YAG laser, 1064 nm excitation).
11 B, 27 Al and 31 P MAS NMR spectra were recorded with a Bruker Avance 400 spectrometer at, respectively, 128. 37 . Powder XRD data were collected at room temperature with a Philips XЈpert diffractometer operating at 40 kV and 50 mA using Cu-K α radiation. The diffractometer was equipped with a curved graphite monochromator, in a Bragg-Brentano para-focusing optics configuration. The ZnAl[NO 3 -] sample was step-scanned in 0.05°2θ steps with a counting time of 1 s per step. For the other samples, a step size of 0.02°2θ was used with a counting time of 16 s per step. The roomtemperature emission and excitation spectra of the LDHs were recorded using a Jobin Yvon-Spex spectrometer (HR, 460) coupled to a R928 Hamamatsu photomultiplier. A Xe arc lamp (150 mW) coupled to a Jobin Yvon monochromator (TRIAX 180) was used as the excitation source. All of the spectra were corrected for the response of the detector. The room-temperature photoluminescence of the POMs and the spectra and lifetimes recorded at lowtemperature (10 K) were detected with a modular double grating excitation spectrofluorimeter with a TRIAX 320 emission monochromator (Fluorolog-3, Jobin Yvon-Spex) coupled to a R928 Hamamatsu photomultiplier, in the front face acquisition mode. All of the photoluminescence spectra were corrected for optics and detection spectral response.
